Introduction
When assessing molecular profiling and its ramifications for therapy, one always feels like they are looking through a half-open door into the future without being able to see what is truly behind the door. Molecular profiling has undergone a tremendous evolution in the last decade. This has involved technological changes from focusing on genome-wide association studies to next-gen-
Genetic Profiling
In assessing genetic aberrations in cancer one has to distinguish between driver mutations and passenger mutations. Driver mutations are thought to be instrumental in cancer initiation and progression while passenger mutations reflect bystander alterations to the genome which are not integral to the genesis or progression of the cancer. However, we note that this is an arbitrary distinction and it is possible that under certain conditions driver genes become passenger genes and vice versa. We now know that HCC is quite heterogeneous in its potential driver mutations [2] . There is a low frequency of inflammatory gene mutations regulating the interleukin-6 and JAK/STAT pathways. Gene alterations modulating oxidative stress have recently been identified and reported. There is a low level of gene alterations in FGF19 and PIK3CA, which affect the MAPK and AKT/mTOR pathways, respectively. Additional alterations occur in genes modifying chromatin and cell cycle regulation. One of the more common genetic alterations in HCCs drives the β-catenin signaling pathway. More recently, it was demonstrated that telomerase maintenance pathways are altered in HCC. Not only are they altered in established HCC, but also seem to be integral to the development of this cancer [3] . For example, telomerase promoter mutations have been identified in early HCC from patients with hepatitis B, hepatitis C, and alcoholic and nonalcoholic steatohepatitis. They are present in dysplastic nodules and early HCC. Interestingly, they have also been identified in oral contraceptive-related hepatic adenomas which degenerate into HCC. Thus, in two different models of liver carcinogenesis, telomerase mutations were identified in a large fraction of these early premalignant and malignant lesions. This information may become important as we stratify patients for chemoprevention or develop telomerase-based therapies.
Recently, a 5-gene liver cancer-related signature was identified which predicted recurrence of cancer in patients following liver resection [4] . The 5 genes were HN1, RAN, RAMP3, KRT19 and TAF9. You will note that none of these are known driver mutations. They are also functionally unrelated genes. Nonetheless, their combined expression pattern, especially when combined with the BCLC staging system, is useful in predicting cancer prognosis. The 5-gene signature was associated with HCC recurrence following hepatic resection in regards to recurrence-free survival, overall survival and disease-specific survival. Thus, this turned out to be a very predictive 5-gene signature. Its exact clinical utility remains uncertain. It is unclear whether it could be used to determine which patients to operate on, exclude from liver transplantation, or refer for other potential curative therapies. These issues are pertinent clinical questions which require validation in prospective studies.
Therapeutic Targets
A tremendous emphasis has been placed on the inhibition of receptor tyrosine kinases for solid tumors. Indeed, much of the success of targeted therapies has been in the realm of inhibiting receptor tyrosine kinases. One such receptor tyrosine kinase overexpressed in HCC is the hepatocyte growth factor receptor, c-MET [5, 6] . Hepatocyte growth factor binds to c-MET resulting in its dimerization, which then via phosphorylation cascades results in activation of the Ras/Raf/MAPK pathway, the AKT/ mTOR pathway and the PKC pathway. Using a very sophisticated approach, the c-MET inhibitor tivantinib was therapeutically employed in a phase II trial for HCC. Patients were stratified using immunohistochemistry for c-MET expression. They were divided into patients with low and high expression levels. There was minimal difference in overall survival between placebo and tivantinib in the whole population. However, when patients were stratified according to c-MET expression, there was a significant benefit for patients with c-MET overexpression who received tivantinib therapy [6] . This was the first illustration of combining a biomarker with targeted therapy for the treatment of HCC. Phase III trials are in process for tivantinib. Indeed, there are a wide variety of c-MET inhibitors available and cabozantinib is also in a phase III trial for the treatment of HCC.
Sorafenib has become the first-line therapy for patients with advanced HCC [7] . Sorafenib inhibits receptor tyrosine kinases but was developed as a BRAF inhibitor. Thus, sorafenib is a multikinase inhibitor. It also inhibits members of the vascular endothelial growth factor (VEGF) receptor family. Sorafenib in nonstratified patients with advanced HCC is effective in improving time to progression and overall survival, as was demonstrated in the SHARP trial in 2008 [7] . Biomarkers identifying patients more likely to respond to sorafenib were not identified in that study. However, more recently, a paper was published in Cancer Discovery demonstrating that some patients with HCC have overamplification of the gene for VEGF-A [8] . Such patients were observed to respond quite dramatically to sorafenib in a retrospective analysis. The biology is complicated but suggests that It has been widely appreciated that a subset of HCCs are characterized by Wnt activation and enhanced β-catenin signaling as published by several groups employing expression profiling of HCCs [9, 10] . In addition, it has been known for years that glypican-3 is overexpressed in HCC [11] . Glypican-3 is so frequently overexpressed in HCC that it can be used as an immunohistochemical marker for the diagnosis of HCC [12] . Very recently, a report has tied these two observations together by suggesting that glypican-3 promotes Wnt signaling, thereby increasing β-catenin activity in HCC [13] . This report describes an antibody which inhibits the association of glypican-3 with the Wnt receptor frizzled, thereby blocking β-catenin signaling. Thus, targeted antibodies to glypican-3 may be a way to target β-catenin-dependent cancers. An alternative approach is the use of drugs referred to as BH3 mimetics, which have also been suggested to target β-catenin-dependent cancers. BH3 mimetics are drugs which inhibit Bcl-2 prosurvival family members and/or activate the apoptosis-mediating proteins Bax and/or Bak. An elegant phenotypic profiling study demonstrated synthetic lethality ( fig. 1 ) between those cancers dependent on β-catenin and on the Bcl-2 family for survival [14] . Navitoclax, a BH3 mimetic which inhibits Bcl-2, Bcl-XL and Bcl-W, was shown to be toxic in β-catenin-dependent cancer cell lines. The role of this for in vivo cancers remains unclear, but it is very intriguing that this could be used to target hepatocellular cancers.
Immune-mediated therapy is highly topical. It has been well recognized that many tumors inhibit T cell function through inhibitory signals mediated by the B7:CTLA-4 pathway or the PD-1:PD-L1 pathway [15] . It has now been recognized that antibodies against PD-1 or the ligand PD-L1 block the inhibitory effect of cancers on T cells. Recent studies conducted in solid tumors have demonstrated a regression of melanomas and non-small cell lung cancer using inhibitors of this pathway. These studies raised the prospect that immune-directed therapies could also be effective in other solid tumors such as HCC.
Conclusion
HCC is a very heterogeneous disease due to diverse patient populations, etiology and genetic differences, which can vary between patients, between nodules within a patient and even within a single nodule. Nonetheless, we have made progress in using genetics and stratification for the treatment of patients with HCC. A 5-gene score predicts HCC recurrence after liver resection. We now ap- preciate that cancers which overexpress c-MET may perhaps be targeted by c-MET-directed small molecules such as tivantinib. VEGF-A amplification predicted response to sorafenib at least in a retrospective study and may be useful as a prospective biomarker in selecting patients for treatment with sorafenib. The Wnt β-catenin-driven HCCs may be targetable in the future by antibodies against glypican-3 or using synthetic lethality approaches with Bcl-2 inhibitors. Finally, immune modulation is a promising therapy for solid cancers, although very little data exists on the use of these agents in the treatment of HCC.
